The steady-state model indicates that the CH 2 O column primarily depends on OH 8 production rates (P OH ) at low concentrations of OH (< 3×10 6 molecules cm -3 ), on both 9 P OH and VOC reactivity (VOCR: Σ i k i [VOC] where OH strongly varies, as occurs downwind of large nitrogen oxide (NO x : NO+NO 2 ) 22 emission sources, or where OH sources are potentially biased. 23
Introduction 24
The hydroxyl radical (OH) is the most important oxidant in the troposphere, 25 involved in the production of O 3 and particulate matter, and the removal of several 26 greenhouse gases (e.g., CH 4 , HCFCs). Some fraction of reactions between OH and 27 volatile organic compounds (VOC) leads to the formation of formaldehyde (CH 2 O). also depends on the concentration of OH, both in isoprene-rich regions (e.g., Sumner et 47 6 isoprene is in line with previous analyses (e.g., Millet et al., 2008) given differences in 152 domain size and interannual variability. 153
Analysis of CH 2 O column variability and its drivers 154

Diurnal variability of the CH 2 O column and the isoprene columns 155
At a regional scale (32°N -38°N; 75°W -90°W), the CH 2 O column is near 156 steady state throughout the day (Fig. 2b) , supporting our approach to understand CH 2 O 157 variability (Section 2). The column integrated sources and sinks of CH 2 O are nearly 158 identical except for a small production term through the nighttime due to O 3 , NO 3 and 159 OH oxidation of VOC, and a small offset in their rise through early morning and their fall 160 in late afternoon (Fig. 2b) . At a typical wind speed of 5 m s -1 , the lifetime of CH 2 O at 161 midday (~2 hours) corresponds to 36 km, or one model grid cell in our simulation. Thus, 162 it is reasonable to assume that the CH 2 O column at 1 PM reflects the balance of local 163 sources and sinks. 164
While the steady state approximation for the CH 2 O column is justified (Fig. 2b) , 165 column integrated isoprene, a major CH 2 O precursor, is not in steady state with its 166 emissions (Fig. 2a) . The diurnal pattern of isoprene emissions is largest at midday and 167 near zero at nighttime (Fig. 2a) . The isoprene column increases through the daytime, as 168 emissions exceed removal, and then decreases through the night with an e-folding 169 timescale of 5.5 hours due to chemical loss (i.e., O 3 , OH, NO 3 ) and transport out of the 170 region, in agreement with previous results (Millet et al., 2008) . The increase of the 171 isoprene column through midday, at a rate of 2 × 10 15 atom C cm -2 h -1 or 8% of the 172 emission rate at noon, indicates that P OH is insufficient to oxidize all available isoprene, 173 let alone its oxidation products to CH 2 O. Thus, we conclude that isoprene is not in steady 174 state with its emissions. 175
Spatial variability of the CH 2 O column 176
We next explore the spatial patterns of summer average E ISOP , VOCR, P OH and 177 the steady-state estimate of the CH 2 O column at 1 PM CST ( Fig. 3; (Fig. 3g ). According to Figure 1 , at P OH of 2.5 × 10 7 molecules cm -3 198 s -1 (i.e., the regional background value; Fig. 3g ), the CH 2 O column will linearly respond 199 to VOCR, and by extension to E ISOP , for VOCR less than ~5 s -1 but will saturate at larger 200 values of VOCR (i.e., P OH /VOCR ≤ 5 × 10 6 molecules cm -3 ). The corresponding 201 threshold where the CH 2 O column will saturate with respect to increases in E ISOP is 202
~1×10
13 atom C cm -2 s -1 (Fig. 3a,d ). Approximately 25% of the grid cells over land are 203 above this threshold and contribute 54% of the total E ISOP . 204
As expected based on the steady state model (Fig. 1) constant. The production of CH 2 O from RO 2 radicals (i.e., α eff ), however, is expected to 235 depend on the relative concentrations of HO 2 , RO 2 and NO and on the identity of the 236 parent VOC (e.g., CH 4 or isoprene). Our initial findings suggest that in the southeast U.S. 237 these effects are small; the quality of the linear fit of the fully simulated CH 2 O column to 238 the steady-state model (Fig. 3) suggests that any variability in α eff resulting from the 239 details of the RO 2 radical chemistry is small relative to the variability driven by P OH or 240 VOCR. Furthermore, for a ten-fold decrease of anthropogenic E NOx , we find that there is 241 little change in the slope of the fully simulated CH 2 O column to the steady-state estimate 242 of the column assuming the same α eff in both regressions (Fig. 4a vs. 4b) . 243
The initial finding that α eff does not depend strongly on E NOx motivates us to 244 investigate the parameters affecting α eff in more detail. P OH -1 ), α eff actually increases ~50% for the 10-fold reduction of E NOX , in part due to the 262 buffering effects of high-yield RO 2 channels discussed above, but also due to a large 263 increase in the yield per RO 2 -NO reaction at lower E NOx (0.42 vs. 0.52 for high versus 264 low E NOx scenarios, respectively; Table 1 ). The latter effect is likely due to differences of 265 CH 2 O yields in the earlier generations versus later generations of VOC oxidation that 266 result from the nearly 3-fold decrease of P OH (Table 1) . Thus, we conclude that CH 2 O 267 yield from RO 2 chemistry is buffered to the effects of NO x by high-yield RO 2 channels 268 (Table 1) . 269
More than 90% of the photolytic source of CH 2 O over the Ozarks, and thus a 270 large fraction of total CH 2 O production in the region (up to 25%; Table 1 ) is due to the 271 rapid photolysis of HPALDs (τ HPALD-photolysis ~ 30 minutes). Due to the short lifetime of 272
HPALDs, we attribute its contribution to CH 2 O to its source, the reaction of OH with 273 isoprene, thus maintaining our assumption that OVOC photolysis and ozonolysis are 274 relatively small sources of CH 2 O in comparison to OH-VOC reactions (Table 1) . 275
Dependence of P OH and VOCR on E NOx 276
Assuming that α eff does not depend on E NOx (see Section 3.3.1), we quantify the 277 response of VOCR and P OH to the decrease of anthropogenic E NOx , and then attribute the 278 response of the CH 2 O column to each of those two factors (Figs. 5-6). In response to the 279 10-fold reduction of E NOx , boundary layer NO x concentrations decrease 61% and P OH 280 decreases 37%, from 2.7 × 10 7 molecules cm -3 s -1 (Fig. 5a ) to 1.7 × 10 7 molecules cm -3 s -1
281
( Fig. 4b) . As a result of the decreased P OH , VOC lifetimes increase and the boundary 282 layer average VOCR increases from 3.1 s -1 (Fig. 5a ) to 4.6 s -1 (Fig. 5b) , much of it due to 283 an increase of isoprene, which increases from a column concentration of 1.2 × 10 16 atoms 284 C cm -2 to 3.0 × 10 16 atoms C cm -2 . 285
The decrease of P OH has both a direct and indirect effect on the CH 2 O removal 286 rate due to its feedback on VOCR (J CH2O + k CH2O+OH P OH / VOCR; Eqn. 1). In regions 287 where E ISOP is high (> 1×10 13 molecules cm -2 s -1 ), we find that P OH decreases 40% and 288 VOCR increases 60% for a combined 62% decrease of the OH concentration (i.e., Δ[OH] 289 ~ ΔP OH / ΔVOCR; ~ 0.6 / 1.6). However, the net effect on the CH 2 O lifetime is much 290 smaller (21% increase) because photolysis does not change (2% difference). Thus, the 291 ~40% reduction in CH 2 O production (α eff P OH ) is offset by a ~ 20% increase in the CH 2 O 292 lifetime, half due to the direct impact of declining E NOx on P OH and half due to the 293 indirect feedback on VOCR, resulting in a net 20% decrease of the CH 2 O column (Fig.  294 6c). In regions where E ISOP is low, the feedbacks of P OH on the CH 2 O lifetime more fully 295 offset its effects on CH 2 O production, such that the net effect on the CH 2 O column is 296 closer to zero (compare Figures 3a and 6c) . 297
Thus, in response to lower E NOx , the simulated CH 2 O column decreases 298 everywhere (Fig. 6 ). The decreases are largest (-23%, Fig. 6c ) where E ISOP is large (> 299 10 × 10 12 atoms C cm -2 s -1 ) and near zero (-5%) where E ISOP is small (< 1 × 10 12 atoms C 300 cm -2 s -1 ), a pattern consistent with a decrease in regional background P OH ( Fig. 1 ) and the 301 feedbacks of P OH on CH 2 O production and loss described above. Due to larger decreases 302 of the CH 2 O column where E ISOP is large, the spatial correlation simulated between the 303 simulations. The value for α eff (P CH2O P OH -1 ) is calculated explicitly from 1PM CST June 315 -August 2012 average values for P CH2O and P OH . The spatial pattern and magnitude of 316 α eff does not depend strongly on the 10-fold decrease of E NOx (Fig. 7a vs 7b) , again 317 demonstrating that α eff is relatively buffered to variations of E NOx (see Section 3.3.1). The 318 spatial pattern of α eff in both scenarios reflects differences in the regionally relevant VOC 319 mixture (i.e., isoprene vs. background CH 4 ). In general, α eff is near 0.25 P CH2O P OH -1 in 320 the regional background and is between 0.3 -0.4 P CH2O P OH -1 in the high-VOCR regions. 321
Because α eff tends to be large where CH 2 O columns are largest, and small where CH 2 O 322 columns are smallest, the steady-state calculation of CH 2 O is systematically biased (slope 323 > 1; Fig. 4 ) because it assumes that α eff is spatially constant (α eff =0.30 P CH2O P OH -1 ). In 324 background regions, CH 4 (α CH4 ≤ 1) and CO (α CO = 0) are the most important sinks of 325 OH. Thus α eff,background depends on their relative concentration and may change as their 326 abundances change in the future. On the other hand, in isoprene-rich regions, almost 327 every OH radical reacts with isoprene or one of its products, so α eff in these regions will 328 be buffered to any changes in background CO or CH 4 concentrations. Thus, in isoprene-329 rich regions, long-term trends of the CH 2 O column should primarily reflect changing P OH 330 and VOCR assuming that α eff is buffered (see also Section 3.3.1). 331
Implications for VOC emission inversions from OVOC measurements 332
To investigate the implications of our findings for retrieving E ISOP from 333 measurements of the CH 2 O column, we evaluate the relationship of the CH 2 O column to 334 E ISOP in the WRF-Chem simulation (Fig. 8a) , and discuss our findings in the context of 335 VOCR (Fig. 8b) and the steady-state estimate of the CH 2 O column (Fig. 8c) 85.5°W; yellow) and SW Arkansas (33.5°N 92.5°W; magenta), to illustrate the regional 341 differences among the domain-wide relationships (Fig. 8) . (Fig. 8a vs. 8b;  356 e.g., magenta-Ozarks, vs. cyan-SW Arkansas), thus excluding transport as the primary 357 cause. The steady state model on the other hand is able to explain the regional differences 358 in slopes to within 5% of one another in each location (Fig. 8c, colors) , suggesting that 359 the regional differences in the relationship of CH 2 O to E ISOP or VOCR are due to 360 differences of P OH (Fig. 8a,b vs. 8c) . 361
Despite regional variability, the local relationships of CH 2 O to E ISOP or VOCR are 362 remarkably strong, with correlation coefficients ranging from 0.73 to 0.91 for E ISOP (Fig.  363 8a, colors) and from 0.86 to 0.98 for VOCR (Fig. 8b, colors) . The strong linear 364 relationship between VOCR and CH 2 O requires that the other driving variable, P OH , be 365 positively correlated with VOCR such that the day-to-day variation of the OH 366 concentration is small (i.e., daily values of VOCR and P OH lie on a line of constant slope 367 in Figure 1 ). Positive correlation of VOCR and P OH suggests that the conditions that 368 result in higher E ISOP and VOCR in a region tend to result in higher P OH : high 369 temperatures and clear skies are associated with larger E ISOP (Guenther et al., 2006) , high 370 concentrations of water vapor and ozone, both of which are important precursors of OH 371 radicals. Assuming that the day-to-day variation of OH is small in any given location, the 372 sensitivity (i.e., slope) of the CH 2 O column to a perturbation of VOCR in that location is 373 directly proportional to its OH concentration: the slope is steep where the OH 374 concentration is high (e.g., the rise of CH 2 O contours following the gray line with [OH] = 375
7×10
6 molecules cm -3 in Figure 1 ) and is shallow where the OH concentration is low (e.g, 376 the same for the gray line with [OH] = 3×10 6 molecules cm -3 in Figure 1 ). This same 377 effect will be weaker for E ISOP due to the feedbacks of P OH on VOCR, but should follow 378 the same general trend (Section 3.3.2). 379
To evaluate this hypothesis, we compare the simulated cloud-free June -August 380 1 PM CST average OH concentration (Fig. 9c) to the CH 2 O column sensitivity to VOCR 381 (Fig. 9b ) and E ISOP (Fig. 9a) Transport of isoprene and its oxidation products does affect the sensitivity (slope) of 394 CH 2 O to E ISOP at the edge of large isoprene sources (e.g. , Fig 9a, downwind edge of the  395 Ozarks; e.g., Millet et al., 2008) , but the spatial pattern of OH concentrations also plays a 396 role (Fig. 9c) . CH 2 O columns are most sensitive to E ISOP over cities where OH 397 concentrations are highest, and are less sensitive in regions where E ISOP is largest and OH 398 concentrations are lowest (Fig. 3a, 9) . We would not expect the relationship between OH 399 concentrations and the CH 2 O-to-E ISOP slopes (Fig. 9a vs. 9c ) to be as strong as that for 400 VOCR (Fig. 9b vs. 9c) 
2). 403
The slopes and y-intercepts inferred for regressions of the CH 2 O column to 404
variations of E ISOP depend on the temporal and spatial scale over which they are derived, 405 and thus should not be applied to other temporal and spatial scales (Figs. 3,6,8,9 ). For 406 example, the slope retrieved for the entire ensemble of grid cells is smaller than the slope 407 derived in every individual grid cell (Fig. 8a) , a gross bias due to combining very high-408 E ISOP , low-OH locations (i.e., the Ozarks) with lower-E ISOP , higher-OH locations. The 409 range of the locally derived y-intercepts in the same example is also large ( Fig. 8a; (Fig. 1,5) . As 415 such, the y-intercept should be treated as a free variable along with the scaling parameter 416 (slope). 417
Based on our findings, we recommend a full formal inversion to derive E ISOP from 418 measurements of the CH 2 O column that accounts for nonlinearities of the OH and VOC 419 chemistry. However, as long as the day-to-day variability of OH concentrations under 420 cloud free conditions is small ( Fig. 1 ; lines of constant slope), our results provide a basis 421 (Fig. 9) (Fig. 1) 92.20°W) suggesting that VOCR is unlikely to be lower on 27 June. Consequently the 470 observed decrease in the CH 2 O columns is likely due to the decrease of P OH in the region 471 (Fig. 3h,i) , primarily driven by the decrease of water vapor. 472
The simulated CH 2 O columns are biased high relative to the measurements on 473 both days (Fig. 10) , suggesting that the simulated P OH or VOCR is biased high, though it 474 is also possible that the measurements are systematically biased. If the air mass factor 475 (AMF) from version 2 of the retrieval were applied to the version 3 slant columns, the 476 vertical columns would be approximately 33% larger, and in better agreement with the 477 simulated values. We are not suggesting that the AMF from one version is better than the 478 other, but are rather highlighting the systematic uncertainty of the measurements due However, the observations show that the CH 2 O column is sensitive to the variability of 498 conventional sources of OH (i.e., water vapor). The observed variability (Fig. 10) 2008), To make this estimate, we classify OH production in to five classes and assume 504 that all production via photolysis, RO 2 -HO 2 and VOC-OH reactions are unconventional 505 while that due to inorganic reactions and ozonolysis is conventional, and is thus an upper 506 bound on the estimated rate. We isolate the effect of low-NO x isoprene chemistry by 507 making the estimate for 27 June 2012 over the Ozarks (37.4°N, 91.1 °W), where surface 508 level isoprene concentrations are high (18 ppb) and NO concentrations are low (47 ppt). 509
Thus, the observed variability is consistent with an OH source with a magnitude 510 that is closer to that of conventional sources (i.e., towards the bottom of Figure 1) . The 511 large uncertainty of any single column measurement (e.g., González Abad et al., 2015) 512 limits the strength with which we can make this conclusion from only two overpasses (25 513 and 27 June 2012; Fig. 10 ). However, in situ measurements of CH 2 O also indicate that a 514 source of OH far larger than conventionally understood is not consistent with the 515 observed abundance of CH 2 O. 516
Conclusions 517
We describe the variability of the fully simulated daily June -August 1PM CST 518 CH 2 O column in WRF-Chem (Figs. 2-9 ) using a steady-state framework (Eqn. 1, Figs. 519 1,6) with simulated P OH and VOCR as the only variables. We find that the CH 2 O column 520 depends on P OH most strongly where the midday OH concentration is low and depends on 521 VOCR where the midday OH concentration is high (Fig. 1) . We find that the spatial 522
pattern of E ISOP in the East U.S. drives the pattern of VOCR (Fig. 3) . Thus, based on the 523 spatial pattern of OH concentration in WRF-Chem (~ P OH / VOCR; Fig. 9c) , we conclude 524 that the CH 2 O column is most sensitive to E ISOP where E ISOP is small or where NO x 525 emissions (i.e., P OH ) are large and is least sensitive to E ISOP where E ISOP is large (Fig. 9a  526 vs. 9c). The opposite is true for the relationship of P OH to the CH 2 O column. 527
Our findings indicate that variability of the OH concentration should be 528 considered when using measurements of the CH 2 O column to understand the variability 529 of E ISOP and other VOC emissions. Our finding has been alluded to in previous work 530 (Table  538 1). Thus, we conclude that in isoprene-rich regions, the influence of NO x on CH 2 O 539 production is primarily due to its feedback on P OH , which controls the rate of RO 2 540 formation, and less so through its effect on the fate of individual RO 2 . 541
Our findings suggest that measurements of the CH 2 O column have the potential to 542 improve our understanding of OH chemistry. For example, our framework (Fig. 1 
